Subwavelength grating waveguides represent a flexible and perspective alternative to standard silicon-on-insulator nanophotonic waveguides. In such structures, waves propagate in the form of Bloch modes, in contrast to standard longitudinally uniform waveguides. Tunability of parameters of subwavelength grating structures possesses a great advantage of a broad variability of the (effective) refractive index and its dispersion, without significantly increasing fabrication complexity. A subwavelength grating structure is based on a (quasi)-periodic arrangement of two different materials, i.e. rectangular nanoblocks of silicon, embedded into a lower-index superstrate, with a period (much) smaller than the operational wavelength of the optical radiation. Clearly, by changing the filling factor, i.e., the duty-cycle of the subwavelength grating structure, its effective refractive index can be varied essentially between that of the superstrate and that of silicon. Our contribution is devoted to a detailed numerical analysis of Bloch modes in subwavelength grating waveguides and Bragg gratings based on subwavelength grating waveguides. Two independent versions of 3D Fourier modal methods developed within last years in our laboratories are used as our standard numerical tools. By comparison with results obtained with a 2D FDTD commercially available method we show that for reliable design of subwavelength grating waveguide devices of this kind, full-vector 3D methods have to be used. It is especially the case of Bragg gratings based on subwavelength grating waveguides, as analyzed in this paper. We discuss two options of a subwavelength grating modulation -designed by changing the subwavelength grating duty cycle, and by misplacement of Si blocks, and compare their properties from the point of view of fabrication feasibility.
INTRODUCTION
Silicon-on-insulator (SOI) is one of the most promising platforms for fabrication of advanced integrated photonic devices. Very high refractive index contrast between the silicon waveguide "core" embedded into SiO 2 (or polymer) environment allows for utilization very small waveguide bending radii of the order of a few micrometers. This opens the way for larger-scale integration of a number of photonic waveguide devices -e.g., microresonators -on a single silicon chip. On the other hand, due to a very high refractive index contrast of silicon waveguides, even a rather small waveguide sidewall roughness causes high scattering loss and strong back-reflections. Using state-of-the-art fabrication technologies, the silicon waveguide refractive index can hardly be modified significantly. An elegant and technologically feasible solution to modify the properties of Si waveguides in a very broad range of the effective refractive index was recently reported by the group of authors [1] [2] [3] [4] [5] and successfully applied to the design of novel devices, or devices with greatly improved properties [6] [7] [8] [9] . The idea is based on the formation of the subwavelength-sized (quasi)periodic structures with materials of different refractive indices which propagating light "perceives" as an "effective medium" with an averaged refractive index. From another point of view, such waveguides can be considered as 1-D photonic crystal * Correspondence: ivan.richter@fjfi.cvut.cz; phone +420 221 912 826; fax +420 283 072 844 waveguides created by a chain of high-index segments embedded into a low-index environment. The basic idea is not new 10 , but in 1-9 it has been further developed and creatively applied to the design of various integrated photonic devices. Photonic structures based on this principle are now often called subwavelength grating (SWG) structures.
In a very recent paper 11 , SWG spectral filtering structures -Bragg gratings and ring resonators -were theoretically analyzed. The latter ones were also fabricated and their properties were experimentally investigated. For simulation and design of these devices, the numerical "2.5-D" FDTD software tool from Lumerical was used. The notion "2.5-D" is used for the approach in which the original 3-D structure is in its first step reduced to a 2-D problem by using the effective-index method, and this 2-D problem is then solved by the finite difference time domain (FDTD) algorithm. However, as we have shown, e.g. in 12, 13 , for a reliable simulation of high-contrast SWG structures of this kind, 3-D fullvector tools should be used. In this contribution, we thus compare results of "2.5-D" FDTD simulations of SWG waveguide Bragg gratings described in 11 with results obtained with our proprietary 3-D tools based on Fourier modal method [14] [15] . This comparison unambiguously confirms our former conclusions. Rigorous 3-D modeling shows, however, that in order to get a narrow-band filter, the critical dimensions of SWG waveguide Bragg gratings are at the limit of present fabrication possibilities. Alternative configuration of a SWG Bragg grating with somewhat relaxed requirements is therefore proposed and numerically analyzed, too.
SWG WAVEGUIDE BRAGG GRATINGS
In a conventional waveguide, standard Bragg gratings are created by a periodic modulation of any waveguide parameter that leads to variation of the effective refractive index of the waveguide mode. Typically, waveguide parameters to be modulated are the thickness, the width, or the refractive index. The period of modulation,  , is connected with the Bragg wavelength, usually determined at the maximum of the modal back-reflectance, with the Bragg condition,
where eff N is the effective refractive index of the waveguide mode. In longitudinally uniform waveguides, there is essentially no constraint on the period length. In SWG waveguides, the situation is, however, fundamentally different since the SWG waveguide itself is not longitudinally uniform but periodic, with the SWG period SWG  . As a result, modes propagating along SWG waveguides are Bloch modes, with an effective index of a Bloch mode It is well known 13 that the typical wavelength operation range of a SWG waveguide is limited from below just by the Bragg wavelength determined by the SWG period,
Although the condition (2) has a very simple form, one should keep in mind that the effective index of a Bloch mode is typically quite strongly wavelength-dependent, so that the minimum operational wavelength of the SWG waveguide has to be determined by solving the implicit equation
Since the Bragg wavelength of the Bragg grating must lie within the operational range of the SWG waveguide, it is obvious that the period of the Bragg grating must be greater than the SWG period. However, since the SWG waveguide itself is longitudinally periodic, the most natural choice of the period of the 
and this condition will be observed in the following.
As we have already discussed, the SWG waveguide supports propagation of Bloch modes. Thus, for proper simulation (as well as for experimental characterization) of Bragg gratings, Bloch modes have to be properly excited and detected in the waveguide structure. In
11
, SWG taper mode transformers at the input and output of the SWG Bragg grating were
Bragg grating output SWGW used for this purpose. They adiabatically transform "standard" modes of silicon wire input and output waveguides into the Bloch modes of the SWG waveguide and the SWG Bragg grating. Although these rather complex structures can be numerically simulated directly with our 3-D codes, too, here, we will proceed in a different way which helps save significant part of the computational time and effort. In fact, we recently analyzed some typical SWG mode transformers similar to those proposed in 1 . It was found that, if properly designed, they can operate in a very broadband regime with surprisingly small insertion loss at the deeply sub-dB level, just at the limit of the accuracy of our methods. Thus, in our simulations, we do not consider the influence of tapers, and excite the SWG Bragg gratings directly with the Bloch mode of the input SWG waveguide. The optical power reflected from and transmitted through the SWG Bragg grating is then easily calculated from the scattering matrix of the Bloch modes of the device. This matrix is obtained in a straightforward way from the conventional scattering matrix of local normal modes at the input and output cross-sections of a single period of the SWG waveguide using the transformation matrix from these local normal modes to Bloch modes; this transformation matrix forms an integral part of the calculation of Bloch modes in our Fourier modal method codes.
To put these explanations on a specific basis, we plot in Figure 1 the schematic picture of the Bragg grating in the SOI SWG waveguide, with input and output sections of the SWG waveguides. The thickness of Si layer is 220 nm, the width of Si segments is 450 nm w  (in accordance with typical SWG waveguide designs). Silicon segments are embedded into SiO 2 substrate and cladding of sufficient thicknesses. As it is apparent, the Bragg grating period Bragg  is twice larger than the period SWG  of the input and output SWG waveguide. f is the "Si filling factor" of the second half-period of the Bragg grating. Changing f , the effective refractive index of the Bloch mode of the second half-period of the Bragg grating structure is changed accordingly, too. In this way, the Bragg grating is created. (Note that the value of 0.5 f  corresponds just to the input/output SWG waveguide with no Bragg grating.)
COMPARISON OF 2.5-D FDTD AND 3-D FMM SIMULATIONS
In a paper 11 , the SWG period was chosen as 300 nm, and correspondingly, the period of the Bragg grating was 600 nm Figure 2 . It is apparent that both characteristics correspond to a narrowband operation with the bandwidth of the order of 1 nm. It is also evident that the change of the "filling factor" results in a rather significant shift of the spectral position of the Bragg grating reflection peak by about 20 nm.
As we tried to reproduce the results by applying our two 3-D FMM independently, we found that to get the Bragg reflection peak roughly at similar spectral position, it was necessary to change the period of Bragg grating from 600 nm to 500 nm, and correspondingly, to shorten the SWG period from 300 nm to 250 nm. Results of our simulations are shown in Figure 3 (the data from our two FMM methods were found to be practically indistinguishable from each other). In Figure 3a ), there are shown calculated spectral characteristics corresponding to the filling factor 0.4 f  . They differ very substantially from Figure 2a ): the bandwidth is 46 nm, and the rectangular profile indicates that the number of 1024 periods could be probably further reduced without significant change of the spectral profile. Figure 3b) shows that even for the value of 0.48 f  , i.e. "weaker" Bragg grating, the bandwidth is still rather large -about 6 nm. Comparison of Figures 2 and 3 convincingly shows that for reliable simulations, full vector 3-D tools are a must. Large discrepancy between the periods of the Bragg gratings determined by using the 2.5-D and 3-D methods is the result of incorrectly determined value of the "equivalent refractive index" of the Si "voids" in the process of eliminating the vertical dimension by using applying the effective index method. 
ALTERNTIVE DESIGN OF THE SWG WAVEGUIDE BRAGG GRATING
According to 3-D simulations, in order to get narrow bandwidth of the SWG waveguide Bragg grating, the values of the filling factor f are to be chosen very close to 0.5. Even for the grating with 0.495 f  and 4096 periods (in this case, the total length of the grating is about 2 mm), the calculated bandwidth is still about 2 nm. However, to reach the filling factor f = 0.495, the length of each second Si segment in the Bragg grating has to be 2 123.75 nm L  , i.e., only by 1.25 nm shorter than the length of the first ones (these segments, alike all segments in the SWG waveguides, are 125 nm long). Fabrication requirements are thus extremely tough. Therefore, using an alternative, slightly modified design of the SWGW Bragg grating, might perhaps lead to somewhat relaxed design tolerances. The alternative design is presented in Figure 4 . Instead of modifying the lengths of Si segments in the Bragg grating, their position is only shifted, keeping its length unchanged. In such a grating, the global content of silicon in the grating remains unchanged -identical to that in the SWG waveguide. The mere shift in the position of Si segments has namely no effect on the effective refractive index of the Bloch mode of the second "half-period" of the Bragg grating. It is thus expected that the "strength" of the resulting Bragg grating is weakened, and in this way the fabrication tolerances might perhaps be relaxed. To support this idea, we calculated the dependence of the effective refractive index of the Bloch mode of the second half-period of the Bragg grating on the filling factor for the "duty cycle" and position types of modulation. The result is plotted in Figure 5 . It is evident that while for the "duty cycle modulation" the effective refractive index of the Bloch mode of the second half-period of the Bragg grating B eff N depends quite strongly on the filling factor, for the position modulation there is no dependence; in fact, the shift of the Si segment does not change the effective index of the Bloch mode.
The effect of position modulation has been ultimately verified by numerical simulations of the spectral response of the SWG waveguide Bragg grating. The spectral response calculated by the 3-D FMM is plotted in Figure 6 . This figure should be compared with Figure 3b ) for the Bragg grating with the same parameters but with duty cycle modulation. It is apparent that the position of the reflectance peak in the grating with position modulation is slightly shifted to longer wavelengths. It can be easily explained: according to Figure 5 , the effective refractive index of the Bloch mode of the Bragg grating with the position modulation for 0.48 f  is slightly larger than that for the duty cycle modulation, and, in accordance with Eq. (1), it leads to the longer Bragg wavelength. However, in contradiction with the expectation, the reflectance bandwidth is broader. This is an untrivial conclusion; although there is no change in the effective refractive indices of the Bloch modes in the first and second "half-periods" of the Bragg grating, there is still a difference in the local mode field distributions. This effect surely calls for further investigation.
SUMMARY
In this contribution, the Bragg gratings in SWG waveguides were theoretically analyzed. For simplicity, only Bragg gratings with the period twice larger than the period of the SWG waveguide were considered. Two numerical methods were used -a commercial "2.5-D" FDTD method and the two proprietary 3-D Fourier Modal Methods developed in our laboratory. It was unanimously confirmed that in order to get reliable results, the full-vector 3-D method has to be used.
In the SWG waveguides, the Bragg grating can be created by the modulation of the duty cycle of the SWG period. It was shown that for a narrowband operation, the modulation has to be extremely weak -the lengths of the SWG silicon segments have to be modulated with the resolution as low as 1 nm, which is technologically very challenging. Another design was thus proposed -the position modulation of the silicon segments. Although the effective refractive indices of Bloch modes of both half-periods of the Bragg grating are in this case identical, and thus one might expect that the resulting grating is very weakly modulated, quite surprisingly, this assumption was not confirmed, and thus the possibility to relax the fabrication tolerances in this way was not accomplished. Further investigation of SWG waveguide Bragg gratings is therefore highly required.
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